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Finally, we have also estimated the relative difference in binding free energy between the two substrate conformations at the Michaelis complexes for the nucleophilic substitution and generalbase mechanisms (illustrated in Figure S3 ), using Åqvist's linear interaction energy (LIE) approach [36] [37] . The LIE calculations were performed using values of 0.181 and 0.430 for α and β in the LIE equation respectively, following the recommendations in ref. 38 The LIE was applied to structures obtained from the endpoints of the EVB trajectories propagated in the direction of the Michaelis complex, but with the last frame of each EVB trajectory extended from 100ps in the EVB runs to 1 ns for the LIE analysis. Starting structures were taken from 30 individual trajectories, with snapshots taken every 100 fs of each 1 ns simulation. This yielded 10,000
structures for analysis per Michaelis complex for each mechanism, for each of the general-base and nucleophilic mechanisms. As outlined in the main text, this gives an estimated ∆∆G bind of 0.4 kcal mol -1 , in favor of the Michaelis complex for the nucleophilic substitution mechanism. This is clearly too small a difference in relative ∆G bind to compensate for the much larger difference in activation free energy in favor of the general-base mechanism (Table S2) .
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Supplementary Figures
Figure S1: Valence bond states used to describe the hydrolysis of DFP via (A) a general-base and (B) a nucleophilic substitution mechanism (see also Figure 2 of the main text). Paraoxon hydrolysis was modeled through an identical pathway to that described in (A) (see ref. 11 ). Shown here are 30 independent simulations for each mechanism, excluding the initial minimization and heating stages. The data is presented as running averages over 100 ps for clarity. Due to the large number of systems presented here, they are not labelled individually; however, it can be seen that all systems converge within the first few ns with RMSD changes of <0.5Å relative to the initial crystal structure. the k-means algorithm on the H287-catalytic calcium ion distance. Clustering was performed using the MSMBuilder 3.8 29 python library, with number of clusters set to 3, maximum iterations set to 300. As can be seen, steric clashes between the isopropyl group of DFP and the H287 side chain greatly expand the conformational space sampled by the H287 side chain, leading to the side chain flip shown in Figure S3 .
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This clusters the corresponding activation free energies shown in panel (B), with structures in which the H287 side chain has not flipped showing higher activation free energies than those in which the H287 side chain has been pushed out of the active site. This is not observed in the general base mechanism due to subtle differences in substrate positioning necessary to facilitate in-line attack of the nucleophilic water molecule on the substrate.
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Figure S5: Atom indexes used in Tables S11-S21 to describe the reacting atoms in the general-base and nucleophilic substitution mechanisms, respectively (the difference in the atom numbering is due to the fact that in the general-base mechanism, an additional water molecule is treated as part of the reacting atoms). 
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Supplementary Tables   Table S1 : List of residues ionized in our simulations of wild-type and mutant forms of DFPase, as well as protonation patterns of all histidine residues in our simulations. for the wild-type enzyme (10 mM NaCl, pH 7.5, 25° C), and ref. 40 for all variants except "QUAD", the data for which was obtained from ref. 41 . Considered in this work are general-base and nucleophilic substitution mechanisms, respectively, as shown in Figure   2 . b The experimental value for k B in acetic-acid buffer solution was obtained from ref.
Residue
14 (see the Extended Methodology section of this document for details). c "QUAD" denotes an E37D/Y144A/R146A/T195M quadruple mutant, based on experimental data presented in ref. 41 . For experimental details, see refs. [39] [40] [41] . We note that the activation free energy used to calibrate the nucleophilic substitution mechanism in aqueous solution is a lower-limit and the actual value is likely to be higher, as described in the main text, which means that all energies for the corresponding enzyme-catalyzed reactions may also be higher for this mechanism. The corresponding data is shown visually in Figure 3 . for each of the general base and nucleophilic substitution mechanisms are averages and standard error of the mean over 100 independent trajectories at each temperature point, as described in the Methodology section. This data is shown visually in Figure 4 of the main text. a All values are averages and standard error of the mean over 3 ns of simulation time (300 snapshots), per system, extracting from our EVB trajectories. All distances are shown in Å, and all angles are shown in °. P-O nuc and P-F denote the phosphorus-oxygen and phosphorus-fluoride distances to the incoming nucleophile and departing leaving group, respectively, and O nuc -P-F denotes the corresponding angle. WT denotes the wild-type enzyme. "Quad"
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denotes an E37D/Y144A/R146A/T195M quadruple mutant. The corresponding data for the nucleophilic substitution mechanism is shown in Table S5 . The two different mechanisms are shown visually in Figure 2 of the main text. a All values are averages and standard error of the mean over 3 ns of simulation time (300 snapshots), per system, extracting from our EVB trajectories. All distances are shown in Å, and all angles are shown in °. P-O nuc and P-F denote the phosphorus-oxygen and phosphorus-fluoride distances to the incoming nucleophile and departing leaving group, respectively, and O nuc -P-F denotes the corresponding angle. WT denotes the wild-type enzyme. "Quad"
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denotes an E37D/Y144A/R146A/T195M quadruple mutant. The corresponding data for the general base mechanism is shown in Table S4 . The two different mechanisms are shown visually in Figure 2 of the main text. [42] [43] to the calculated EVB trajectories, as in our previous work 8, 11 . Shown are averages and standard error of mean calculated over 30 independent EVB trajectories. Presented here are the 10 amino-acid residues with the ten highest contributions to the calculated activation free energies. This data is shown visually in Figure 6 of the main text. a All values are averages and standard error of the mean over 3 ns of simulation time (300 snapshots), per system, extracting from our EVB trajectories. Water counts were determined by counting the solvent oxygen atoms within 6
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Å of the phosphorous atom on DFP. Hydrogen bonds were determined between water molecules and the reactive region (DFP, nucleophilic water and D229 sidechain), with the cut-off of 3 Å and 30°. "Quad" denotes an E37D/Y144A/R146A/T195M quadruple mutant. This data is shown visually in Figure 6 of the main text. Figure 8 of the main text. [42] [43] to the calculated EVB trajectories, as in our previous work 8, 11 . All energies are in kcal mol -1 . Shown are averages and standard error of mean calculated over 30 independent EVB trajectories. Presented are 10 amino-acid residues with the ten highest contributions to the calculated activation free energies. This data is shown visually in Figure 9 of the main text. Figure S5 , and the two reacting states are shown in Figure S1 and Figure 2 Figure S5 , and the two reacting states are shown in Figure S1 and respectively. q i is the partial atomic charge. Figure S5 , and the two reacting states are shown in Figure S1 and a The atom numbering corresponding to the atom indices used here are displayed in Figure S5 , and the two reacting states are shown in Figure S1 and Figure 2 of the main text, with States 1 and 2 corresponding to reactant and intermediate states respectively (note that for the nucleophilic substitution mechanism, only the first step of this pathway to form a covalent intermediate was modelled, as this step was already much higher in energy than the general-base mechanism). Bonds were described with either a harmonic potential of the form "#$% = ' ( * ( − . ) ( , or, in the case of forming or breaking bonds, with a Morse potential of the form "#$% = 1 ( 3(4 535 6 − a The atom numbering corresponding to the atom indices used here are displayed in Figure S5 , and the two reacting states are shown in Figure S1 and a The atom numbering corresponding to the atom indices used here are displayed in Figure S5 , and the two reacting states are shown in Figure S1 and Figure S5 , and the two reacting states are shown in Figure S1 and Figure 2 Figure S5 , and the two reacting states are shown in Figure S1 and Figure 2 of the main text, with States 1 and 2 corresponding to reactant and intermediate states respectively (note that for the nucleophilic substitution mechanism, only the first step of this pathway to form a covalent intermediate was modelled, as this step was already much higher in energy than the general-base mechanism). All parameters have units of kcal mol -1 . Dihedral interactions (including improper dihedrals) were described with a periodic potential of the form ;#5<=#$ = ' 1 + cos + ( 1 − cos 2 + a The atom numbering corresponding to the atom indices used here are displayed in Figure S5 , and the two reacting states are shown in Figure S1 and Figure 2 of the main text, with States 1 and 2 corresponding to reactant and product states respectively. A soft repulsion potential of the form of <#H; = = J 34 K 4 L 5 KL was used to describe nonbonding interactions between reacting atoms. a The atom numbering corresponding to the atom indices used here are displayed in Figure S5 , and the two reacting states are shown in Figure S1 and The atom numbering corresponds to atom indexes shown in Figure S8 of ref 
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